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Abstract
Optoelectronic and charge transport properties of eight novel compounds are presented in this work.
Density functional theory B3LYP was utilized to optimize all structures while time-dependent density
functional theory was utilized for vertical excitation characteristics. Gas and solvent phases (water, THF,
and DCM) were evaluated to gain insight on solid-state and solution processed devices. While the solvent
phases enhanced most of the charge transport properties, there was seen a blue-shift in their absorption
wavelengths. However, C2, C4, C6, and C8 in THF absorption maxima were the highest and similar to
those of the gas phase (605-652 nm). Extension of the polymer size decreased the HOMO-LUMO gap
energy with C7 having the lowest energy gap in the gas phase. Although tuning the properties in
optoelectronic devices is challenging, these �ndings will assist with the design of higher quality materials
that could surpass the quality of inorganic devices.

1. Introduction
Optoelectronic devices have been a huge topic for decades. Recently, study has been dedicated to
exploring enhanced capabilities that can result when organic molecules are integrated into these designs.
[1] Devices such as organic �eld-effect transistors (OFETs), organic light-emitting diodes (OLEDs), and
organic photovoltaic (OPV) devices use organic materials with π-conjugated systems as their
semiconductor active layer.[2] These π-conjugated compounds are responsible for electrical conductivity
in electronic devices. However, challenges may arise based on which material is chosen. This paper
focuses on these challenges and discusses how: (1) the size of the material affects the distribution of
electric charge throughout the system by π-delocalization, (2) the choice of side chains can in�uence the
solubility of the material for production of solution-processed devices,[2]–[5] and (3) the choice of end
groups can enhance the charge transport and optoelectronic properties.[6]–[8] Unlike their inorganic
counterparts, choosing the appropriate organic molecules can both increase the quality of the device and
lead to other advantages such as low production cost, easy fabrication, larger application scale, and
increased �exibility.[9]–[12]

Design of organic optoelectronic devices can be based on not only small organic compounds, but also
polymers and macromolecules. Polymers are long chains of repeated units that increase the π-
delocalization of a system.[13] Some research has been done on how various properties of polymers
affect their applications in energy storage and medicine.[14], [15] For example, Chowchows et al.
designed six copolymers based on donor-acceptor model type D-A1-D-A2. As a result, these copolymers
displayed a lower band gap by tuning properties such as the ionization potential (IP) and electron a�nity
(EA) leading to improved charge transport properties.[16] Zhang et al. studied copolymers based on
indacenothiadiazole with thieno-[3,2-b] thiophene (TT) and benzothiadiazole (BT) end groups. In their
work, the IP energies, maximum absorption (λmax), and hole mobilities were determined. Although the
results showed that the IP values were similar for both the BT and TT units, the maximum absorption and
hole mobility were higher for the BT unit and lower for the TT unit which demonstrates how the choice of
end groups can affect the optoelectronic and charge transport properties.[17] When incorporated in
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optoelectronic devices, biological molecules can potentially be used in the medical technology �eld for
enhanced sensing, diagnosis, and imaging.[18], [19] Gomez et al. observed the IP energies and electron
a�nity (EA) trends of nucleobases. EA energies of purines (guanine and adenine) had generally lower
values compare to pyrimidines (thymine, cytosine, and uracil). These results are related to whether the
hole or electron is transported across the active layer. Lower values of EA energies favor the hole
transport, while higher values bene�t electron transport.[20] Another work[21] was dedicated to
investigation of DNA polymers for use in bioorganic light emitting diodes that exhibited high
photoemission properties and enhanced performance in optoelectronic devices. The properties that
improve applications in a variety of �elds were demonstrated. Merging polymers and DNA bases could be
an advanced area of study for the future of medicine and technology.[22]

When studying charge transport, it is important to focus on the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) as they are important for optoelectronic
devices as they can allow/disallow charge separation. Allowance of charge separation is preferred. This
can help determine the localization and delocalization of electrons in a molecule.[23], [24] Since the
HOMO/LUMO orbitals are important, it is a good idea to examine the global chemical reactivity
descriptors (GCRD). These properties can help gain insight on the reactivity behavior of these compounds
based on their molecular orbitals. The GCRDs discussed in this work include the hardness ( ), chemical
potential (µ), electronegativity (χ), and electrophilicity index (ω) and are termed below as described by
Robert Parr and colleagues. While all the GCRDs below relates to the stability of a compound, the context
in which they are de�ned are different.[25]–[28] The hardness is the ability to resist charge transfer within
its environment. The chemical potential is the degree to which electrons can be removed from the
equilibrium system. The electronegativity is the ability of a molecule to attract electrons. The last GCRD
discussed in this work is the electrophilicity index which is the stabilization energy of a molecule when it
is saturated by electrons from an external environment and predicts whether a molecule is strong
electrophile. The hardness and electronegativity favors lower values while the chemical potential and
electrophilicity index favors higher values. These parameters will help in determining how e�cient the
charge transfer will be.[29]–[33]

This study investigates the optoelectronic and charge transport properties of novel compounds based on
purine nucleobase dinucleotides merged with a dibenzo-cyclopentadithiophene based polymer. The
in�uence of aforementioned descriptors (i.e. size, sidechains, and end groups) was investigated to gain
an insight on the charge transport and optoelectronic properties of these novel compounds. The analysis
of these compounds not only include the above-mentioned charge transport properties, but also their
absorption characteristics, reorganization energy, and ionization potential.

2. Computational Methods
In this work eight dibenzo-cyclopentadithiophene based polymers (C1-C8) were designed based on the
scheme illustrated in Figure 1. These structures consist of the dibenzocyclopentadithiophene backbone
varying in size (two or four monomers), the side chains based on adenine or guanine nucleotides, and the
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end groups comprised of one or two benzoic acids. Purines were chosen as the nucleobase because of
lower electron a�nity values compared to the pyrimidines which makes them favorable for hole transport
in optoelectronic devices.

All calculations were studied in the ground state, unless otherwise stated, using the Gaussian 09 software
package[34] was used to optimize the structures using Density Functional Theory (DFT) B3LYP
functional[35] with 6-31G basis set. Frequency calculations were performed to assure the structures were
at their minimum. In order to investigate the in�uence of a solvent all calculations were carried out in gas
phase as well as solvent phases using the conductor like polarizable continuum model (C-PCM) in water
and common organic solvents such as, tetrahydrofuran (THF) and dichloromethane (DCM).[36]–[39]

The reorganization energy is one of the main properties in determining the charge carrier mobility in
electronic devices as it relates to the reorganization of a molecule from its initial to �nal states and vice
versa. The reorganization energy can be calculated for hole transfer and electron transfer but for this
study, we only focused on the hole transfer due to studies showing higher charge carrier mobility values
for holes instead of electrons. The hole reorganization energy is shown in equation 5:

λh = (  - E+) + (E* - E)  (5)
in which,

  is the single point (sp) energy of the cation at the geometry of the neutral molecule,

E+ is the optimized geometry energy of the cation,

E* is the sp energy of the neutral molecule at the geometry of their ionic states,

E is the energy of the optimized neutral molecule.

The reorganization energy must be low in order to have a fast charge transfer rate leading to good charge
transport properties such as high charge carrier mobility values.[40]–[43]

The charge injection e�ciency is another important property for optoelectronic devices. For this study, the
term that relates to observing the properties of charge injection is the ionization potential (IP). This
requires removing the electron from the HOMO and injecting it into the LUMO. For the electron to be
injected into the empty LUMO orbital, the energy of the IP must be low. The IP is shown in equation 6.

IP =  - E  (6)
In this case, we refer to the vertical IP in which the ions are not in their relaxed geometry but rather in the
geometry of the neutral molecule.[44]–[49]

Adsorption properties were studied using time-dependent density functional theory (TD-DFT). Within the
absorption characteristics the main property to observe is the maximum absorption wavelength (λ-max).
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To aide in improving these electronic devices mentioned earlier in this work, researchers have been
looking into materials that can absorb near the infrared region (IR) of the electromagnetic spectrum.
Although the λ-max is the most important property in this research, the excitation energy, the major
percent contributions, and the molecular orbitals transitions[50] were also calculated.

3. Results And Discussion
All structures were optimized in their ground state (Figure 1S, Supporting Information). Compounds C1,
C2, C5, and C6 had adenine nucleotides as their side chains while C3, C4, C7, and C8 had guanine ones.
Interestingly, some structures exhibited bending along the O-P-O-P dihedral angles of the side chains
while others were more straightened (Figure 2, Table 1). The solvent and a nature of nucleotide played a
major role in the bending of these compounds. Most of the polymers containing guanine displayed
bending, except for C3 and C4 in gas phase and C4 in THF phase. Presumably, the oxygen atom on the
guanine plays a part in the bending, especially when exposed to the solvent. In some cases, the bending
of these molecules was also affected by having two benzoic acid end groups instead of one.
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Table 1
O-P-O-P dihedral angles of the compounds in gas and solvent phases.

Gas Water

C1 C2 C1 C2

φ 1 2 φ 1 2 φ 1 2 φ 1 2

156˚ 156˚ 157˚ 157˚ 105˚ 110˚ 104˚ 111˚

C3 C4 C3 C4

φ 1 2 φ 1 2 φ 1 2 φ 1 2

156˚ 157˚ 158˚ 156˚ 130˚ 110˚ 113˚ 81˚

C5 C6 C5 C6

φ 1 2 φ 1 2 φ 1 2 φ 1 2

156˚ 155˚ 156˚ 155˚ 66˚ 109˚ 126˚ 118˚

3 4 3 4 3 4 3 4

155˚ 156˚ 157˚ 156˚ 107˚ 66˚ 108˚ 107˚

C7 C8 C7 C8

φ 1 2 φ 1 2 φ 1 2 φ 1 2

156˚ 149˚ 156˚ 155˚ 106˚ 139˚ 57˚ 65˚

3 4 3 4 3 4 3 4

60˚ 60˚ 140˚ 60˚ 65˚ 64˚ 136˚ 65˚

THF DCM

C1 C2 C1 C2

φ 1 2 φ 1 2 φ 1 2 φ 1 2

138˚ 137˚ 116˚ 107˚ 102˚ 134˚ 105˚ 133˚

C3 C4 C3 C4

φ 1 2 φ 1 2 φ 1 2 φ 1 2

55˚ 54˚ 136˚ 134˚ 55˚ 55˚ 55˚ 55˚

C5 C6 C5 C6

φ 1 2 φ 1 2 φ 1 2 φ 1 2

133˚ 134˚ 135˚ 136˚ 118˚ 132˚ 138˚ 135˚

3 4 3 4 3 4 3 4
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Gas Water

134˚ 135˚ 138˚ 136˚ 63˚ 135˚ 137˚ 134˚

C7 C8 C7 C8

φ 1 2 φ 1 2 φ 1 2 φ 1 2

136˚ 138˚ 55˚ 130˚ 64˚ 138˚ 55˚ 128˚

3 4 3 4 3 4 3 4

64˚ 64˚ 137˚ 64˚ 64˚ 135˚ 141˚ 64˚

The absorption spectra were calculated for all studied here compounds in their gas and solvent phases
(water, THF, and DCM). The charted absorption spectra for all phases are shown in Figure 3, while Table
1S (Supporting Information) displays the detailed information on maximum wavelength, excitation
energy, major percent contributions, and the electronic transitions. The maximum wavelengths of
absorption for the solvent phases mostly had a blue-shift (increased in excitation energy) when
compared to the gas phase. However, for C2, C4, C6, and C8 in THF maximum of absorption had a similar
wavelength as in gas phase, which also leaded to their excitation energy and major percent contributions
being similar. None of the compounds in this study showed to absorb near the IR region of the spectrum.
The electronic transitions for tmajority of the compounds were due to the HOMO to LUMO transitions,
excluding C3 and C4 in the gas phase, where it was due to the HOMO-1 to LUMO transitions. These
results were followed by a more extensive investigation into the molecular orbitals of these compounds.

Figure 4 displays the visualization of the molecular orbital transitions, the HOMO and LUMO energies,
and the HOMO-LUMO energy gap. For all the compounds the HOMO and LUMO orbitals were located
along the dibenzocyclopentadithiophene backbone, except for the HOMO orbitals of C3 and C4 which is
positioned along the top side chain of the guanine molecule. The HOMO-1 molecular orbitals of C3 and
C4 in the gas phase had similar orbital shapes as all the other compounds, shown in Figure 5 along with
their HOMO-1 to LUMO energy gap. This explained why the major % contributions of the above-mentioned
compounds are due to the HOMO-1 to LUMO transitions. The HOMO-LUMO energy difference illustrated
in Figure 4 showed that C7 in the gas phase had the lowest energy gap. This structure exhibited the
HOMO and LUMO orbitals different from the others, with the HOMO being located farther away from the
benzoic acid end group and the LUMO being closer to the benzoic acid end group. 

The reorganization energy, the ionization potential energy as well as the global chemical reactivity
descriptors were calculated (Table 2S, Supporting Information). The reorganization energy for all
compounds was lower in the solvent phases than in the gas phase. It was also seen that the
reorganization energy of compounds containing 4 monomers was lower compared to ones made of two
monomers, except for C2 and C6 in DCM phase. Having lower values of the reorganization energy,
ionization potential energy, and electronegativity in solvent suggested that solvation can help improve the
charge transfer properties by providing a higher charge transfer rate and a more e�cient charge injection.
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The chemical potential calculation showed a higher tendency of electrons escaping the system when
solvation model was used, which suggests better donor properties of studied compounds in solvent
phase than in gas phase. The hardness was also improved in solvent phases. All these trends were
illustrated in Figure 6. C7, in the gas phase, exhibited distinctive extremum properties when compared to
the other compounds. It is believed that this could be caused by the delocalization of the molecular
orbitals, shown in C7, resulted in lower HOMO-LUMO energy gaps.

Also, it was noted that the bending of these molecules resulted in lowering the reorganization energy and
the ionization potential energy. This can signify that bending on the side chains can be associated with
the reorganization energy and the ionization energy directly.

Overall, the size of the compounds increased the absorption maxima and lowers the energy for the
reorganization energy, ionization potential, and the hardness. The energy gap was also lower for
compounds where n = 4. While no signi�cant changes occurred for the different side chains, in many
cases the guanine side chain improved some of these properties. The choice of one or two end groups
did not affect any of the properties listed above, however, it can be seen that it plays a part in the bending
of the compounds.

Conclusion
Eight novel compounds based on purine dinucleotide polymers were presented. The bending of the side
chains, due to different solvent phases, of these compounds played a signi�cant role in the
optoelectronic and charge transport properties. Increasing the size of the polymers resulted in an
increased λ-max for all phases. It also lowered the reorganization energy, ionization potential energy, and
the hardness. Overall, compound C7 in the gas phase had the most superior results and will be looked at
for further studies. The insights gained from this work will help better develop and tune the properties of
DNA-based polymers for use in optoelectronic devices.
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Figures

Figure 1
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Basic structure of the compounds C1-C8 used in this study. n – is the number of monomers; NT –
nucleotide; A – adenine; G – guanine; BZA – benzoic acid; H – hydrogen atom.

Figure 2

Scheme indicating dihedral angles that can be bent.
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Figure 3

Calculated UV-Vis absorption spectra of all compounds in (a) gas, (b) water, (c) THF, and (d) DCM
phases.
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Figure 4

Visualization of the HOMO and LUMO orbitals including the HOMO-LUMO energy gap for (a) gas, (b)
water, (c) THF, and (d) DCM phases.
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Figure 5

Visualization of the HOMO-1 orbitals and the HOMO-1 to LUMO energy gap for (a) C3 and (b) C4 in the
gas phase.



Page 16/17

Figure 6

Trends in charge transport characteristics. (a) reorganization energy, (b) ionization potential energy, (c)
hardness, (d) chemical potential energy, (e) electronegativity, and (f) electrophilicity. All energies are in
electron volts (eV).
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